ABSTRACT: Long-term trends in the response of benthic macrofauna to hydrological conditions were examined in the Lavaca-Colorado Estuary, Texas. Four stations representing a range of salinities in the Lavaca-Colorado Estuary were sampled quarterly for benthic macrofauna and hydrography from April 1988 to October 2008. The relationship between climate variability and local salinity patterns and benthic populations was investigated using the Oceanic Niño Index (ONI), North Atlantic Oscillation (NAO), and North Pacific Index (NPI). Mean salinity declined during the 20 yr study period. Observed changes in salinity were related to river discharge and the ONI because there were more El Niño events in the first half of the study period relative to the second half. Benthic macrofaunal abundance was significantly correlated with salinity, the ONI and the NAO, indicating that global climate variability and the resulting effects on local salinity patterns are important factors shaping benthic macrofaunal communities. There was no significant linear trend in temperature over time, and negative correlations between individual taxa and temperature were likely due to seasonality. While drivers other than physical hydrological factors can obviously affect benthic macrofaunal communities, strong connections between global climate signals, precipitation, and local salinity patterns provided the most plausible mechanistic connection between climatic variability and benthic macrofaunal response in the estuary. An increasingly unstable climate may lead to potentially strong effects in estuarine ecosystems because stability is known to affect diversity and productivity. The vulnerability of estuarine ecosystems to the effects of climate variability will be exacerbated as human population growth and water resource development continues to increase the demand for and stress on coastal and marine resources.
INTRODUCTION
Freshwater delivery to the coast is fundamental to the function of estuaries. These highly productive semi-enclosed bodies of water receive freshwater inflow perennially or seasonally and are connected to the sea via tidal inlets that may be closed for part of the year (Wolanski 2007) . The quantity, quality, and timing of freshwater inflow (and the resulting changes in salinity, nutrients, and sediments) alter the condition of estuaries, and the condition then drives the integrity, function, and sustainability of estuarine habitats (Alber 2002) . The hydrologic cycle controls the dynamics of freshwater delivery to coastal ecosystems and that cycle is likely to change under a changing climate (Scavia et al. 2002) .
Climate change is predicted to cause changing patterns of precipitation and temperature in various regions of the globe. Recent attention has been given to increasing climate variability or 'global weirding' (Friedman 2010) and the resulting precipitation extremes, increases in extreme heat stress events and cooling degree days (Katz & Brown 1992 , Trenberth & Hoar 1997 , Hulme et al. 1999 , Timmermann et al. 1999 , Meehl et al. 2000 . Within coastal ecosystems, this variability may cause more extreme salinity fluctuations, due to freshwater shortages and uncertain seasonal variability (Vörösmarty et al. 2000) caused by hurricanes (precipitation summerfall; National Hurricane Centre, National Weather Service: www.nhc.noaa.gov) and/or El Niño effects (precipitation winter-early spring; NOAA 2009).
Climate models have forecast widespread droughts in many arid and semi-arid regions of the globe, including the African Sahel and southern Africa, Central America, the Mediterranean basin, northeastern Brazil, southern Asia, eastern Australia, and western USA (Bates et al. 2008) . Estuaries in these regions are susceptible to more frequent or longer-term closures of tidal inlets due to reduced freshwater flow, which may obstruct diadromous fish and crustacean migration and decimate resident communities (Schlacher & Wooldridge 1996 , Peirson et al. 2002 , Whitfield et al. 2008 . Resilience of macrobenthic communities to droughts in these regions can be compromised by anthropogenic activities that reduce freshwater inflow (MacKay et al. 2010) . Along the Texas coast in the USA there are significant correlations between global climate signals and local salinity patterns (Tolan 2007) . Precipitation patterns are highly variable and linked to El Niño Southern Oscillation (ENSO) (Ropelewski & Halpert 1986 , Gershunov & Barnett 1998 , Tolan 2007 , and the salinity structure in estuaries is driven by isolated freshwater pulses (Orlando et al. 1993) . Over seasonal time scales, freshwater inflows represent the primary control on estuarine salinity gradients (Schmidt & Luther 2002) .
Understanding the link between estuarine condition and estuarine resources is the key to developing assessments of climate change effects in estuaries. This is done primarily by linking environmental condition with bioindicators. Benthic communities are uniquely qualified as bioindicators of environmental conditions because they are relatively long-lived and sessile, have an intermediate trophic position, demonstrate a variety of consistent responses to multiple sources of stress, are relatively well known (Pearson & Rosenberg 1978 , Bilyard 1987 , Weisberg et al. 1997 , Beseres Pollack et al. 2009 ), and integrate ephemeral water column conditions over time, providing a long-term record of short-term changes . Benthic invertebrates are also an important food source for many commercially and recreationally important fish and crustacean species (Ellis & Coull 1989 , Mansour & Lipcius 1991 , Beseres & Feller 2007 , and thus changes in benthic community composition may affect higher trophic levels. The present study examined long-term trends and relationships between benthic macrofauna and hydrographic conditions in the Lavaca-Colorado Estuary, Texas. Understanding the response of benthic indicators to climatic variability and freshwater inflow is critical for addressing water management questions, particularly in light of increasing climate variability.
MATERIALS AND METHODS

Study area
The Lavaca-Colorado Estuary is one of 7 major estuarine systems located along the Texas coast ( Fig. 1) . It covers 1200 km 2 and includes a primary bay, Matagorda Bay, 2 secondary bays-the largest of which is Lavaca Bay-and several smaller, tertiary bays (Orlando et al. 1993 ). The estuary is located in a sub-tropical humid climate with a mean annual rainfall of 107.2 cm. The flow of freshwater into the Lavaca-Colorado Estuary has been anthropogenically altered over the last century (Montagna et al. 2008) . Over 20 reservoir and dam systems have been constructed along tributaries within the LavacaColorado Estuary watershed, and the ultimate discharge point of the estuary's largest inflow source, the Colorado River, has also changed. Between 1934 and 1992, part or all of the Colorado River flow was diverted from entering the eastern arm of Matagorda Bay to flowing directly into the Gulf of Mexico (Ward & Armstrong 1980 , Wilber & Bass 1998 . The amount of inflow from the Colorado River into Matagorda Bay between the 1950s and 1990 is estimated as being negligible when river flows were small (<14 m ) (Wilber & Bass 1998 and references therein). Inflow into Matagorda Bay was increased after a diversion channel between the Colorado River and Matagorda Bay was completed in May 1990 and fully restored after the temporary Colorado River entrance to the Gulf of Mexico was dammed in 2 places in May 1991 (Tiger Island Cut dam) and July 1992 (dam across Colorado River).
The population density of the Lavaca-Colorado Estuary catchment is low, with 1.6 million people inhabiting the 110 000 km 2 watershed (TCRPP 2007 , Arismendez 2010 . Lavaca Bay has been affected more directly by industrial development than the rest of the estuary. Elevated mercury concentrations are present in sediment on the eastern side of Lavaca Bay (Sager 2002) . Anthropogenic mercury has bioaccumulated into estuarine organisms within the contaminated zone, including oysters Crassostrea virginica, blue crabs Callinectes sapidus and finfish, although tissue concentrations have decreased slightly over time (Sager 2002) and some remediation has occurred (USEPA 2011).
Four stations representing a broad range of salinity habitats in the Lavaca-Colorado Estuary were sampled quarterly (January, April, July, October) from April 1988 to October 2008. Stns A and B were located in freshwater-dominated Lavaca Bay, and Stns C and D were located in marine-dominated Matagorda Bay (Fig. 1) . Station depths were similar, ranging from 1.3 to 4.1 m (see Table 1 ). The water column was well-mixed and turbid so depth-related factors that could affect the benthos were minimal. Habitat was consistent throughout the study areas; there were no differences in sediment characteristics and no vegetated areas (Table 1, also Montagna et al. 2008) . None of the stations were within the mercury contaminated zone.
Sampling
On each sampling date, hydrographic measurements were taken at the surface and bottom of the water column at each station (Table 1 , Montagna et al. 2008) . A multiparameter instrument (Hydrolab Surveyor II or YSI 6 series) was used to measure water temperature, dissolved oxygen and salinity. Salinity measurements were verified using a refractometer. Although not reported here, pH, specific conductivity, water depth, wind speed, wind direction, cloud cover, and wave height were also recorded.
Bi-monthly hydrological data for Lavaca and Matagorda Bays were also obtained from the Texas Parks and Wildlife Department (TPWD) for analysis of long-term trends and relationships among macrofauna and hydrological characteristics. TPWD hydrological data from other bays within the LavacaColorado Estuary were omitted from all analyses. These data are collected throughout the estuary in association with their fisheries-independent monitoring program.
Monthly river discharge values of the Lavaca, Tres Palacios and Lower Colorado Rivers to the LavacaColorado estuary were obtained from United States Geological Survey (USGS) using upstream gages no. 08164000 (Lavaca River near Edna, TX), no. 08162600 (Tres Palacios River near Midfield, TX) and no. 08162500 (Colorado River near Bay City, TX).
Discharge values were summed across gages to determine monthly combined riverine inflows.
Benthic macrofauna were sampled using a 6.7 cm diameter core tube (35.4 cm 2 area) to a depth of 10 cm. Three replicate cores were collected from each station on each sampling date and were preserved with 5% buffered formalin. In the laboratory, organisms were extracted on a 0.5 mm sieve, sorted using a stereo microscope, identified to the lowest practical identifiable level (usually species), and enumerated. Biomass measurements were obtained after combining individual macrofauna into higher taxonomic levels (Crustacea, Mollusca, Polychaeta, and others), drying at 50 °C for 24 h, and then weighing. Mollusc shells were removed with 1 N HCl prior to drying and weighing.
Statistical analyses
Hydrological data collected simultaneously with macrofauna sampling were used to spatially characterize the estuary (Table 1 , Montagna et al. 2008) . TPWD-collected hydrological variables were used in all correlations over time and with macrofaunal variables. Trends in hydrology were calculated using Spearman correlations between estuary-wide (Lavaca and Matagorda Bay) quarterly means of TPWD-collected hydrological variables and time.
Although not reported, correlations were also run using both yearly and quarterly means to confirm that temporal scaling of means was not a factor in determining the significance and direction (positive or negative) of correlations.
The potential role of climate variability on local salinity patterns and benthic populations was investigated using Oceanic Niño Index (ONI), North Atlantic Oscillation (NAO) and North Pacific Index (NPI) data, which were obtained from the National Center for Atmospheric Research (NCAR, http:// ncar.edu/ home). The ONI consists of 3 mo running means of sea surface temperature (SST) anomalies in the Niño 3.4 region (5°N to 5°S, 120°W to 170°W) based on the 1971-2000 base period (see NCAR). The NAO is a prominent and recurring pattern of atmospheric circulation variability between the Arctic and subtropical Atlantic, which effects surface air temperature, winds, storminess and precipitation over the Atlantic Ocean and adjacent continents (Hurrell et al. 2003 , Hurrell & Deser 2009 . NPI is the area-weighted sea level pressure over the region 30°N to 65°N, 160°E to 140°W (Trenberth & Hurrell 1994) . Spearman correlations were used to determine the relationship of the ONI, NAO and NPI with monthly river discharge, hydrological and benthic variables. Prior to analysis, NAO was smoothed using a rolling 3 mo average (using NAO values of the previous 2 mo and current month).
Mean macrofaunal abundance, biomass and diversity for the Lavaca-Colorado Estuary were also correlated with time using Spearman correlations. Species diversity in this study was calculated using Hill's N1 diversity on pooled replicates (106 cm 2 ). Hill's N1 diversity is a measure of the effective number of species and indicates the number of abundant or dominant species in a sample (Hill 1973 , Ludwig & Reynolds 1988 . Although not reported in this manuscript, species richness (N0) was also correlated with time and hydrological variables. The significance and direction (positive or negative) of the correlations with species richness were the same as the correlations with Hill's N1 diversity, although the r-value varied slightly. The similarities between macrobenthic communities were analyzed using non-metric multidimensional scaling (MDS) on log-transformed (ln[x+1]) data (averaged by bay and quarter) using a Bray-Curtis similarity matrix. Significant groupings of communities were determined using the SIMPER routine as part of cluster analysis (Clarke 1993) . Stations were grouped into bays because of the similarity between benthic communities within each bay (see Fig. 4 ) and because further multivariate analysis using 2nd-stage MDS ; results not shown here) showed that temporal variability of station communities were similar within bays but very different between bays. Correlations between hydrological variables and macrofauna community structure were determined using BIO-ENV, a multivariate procedure that calculates weighted Spearman rank correlations (ρ w ) between sample ordinations from all of the environmental variables and the ordination of species abundances for each sample (Clarke & Ainsworth 1993) . All multivariate statistics were calculated using Primer software (Clarke & Gorley 2006 ).
Spearman's partial correlation coefficients were calculated to determine the strength and direction of linear relationships between single macrobenthic (abundance, biomass and diversity) and hydrological (temperature, dissolved oxygen and salinity) variables. The partial correlations measure the degree of association between the macrobenthic and hydrological variables while statistically controlling for the potential effects of other hydrological variables in the model. A partial lag was incor-porated into the correlations between macrobenthic and hydrological variables. This lag was created by averaging estuary-wide hydrological readings over the 3 calendar mo prior to and including the month of macrofauna sampling. Averages of hydrological variables over different time spans and lags were also briefly examined; however, the 3 mo partial lag yielded the highest correlations between salinity, temperature and dissolved oxygen and macrofaunal abundance, biomass and diversity (N1). Therefore, only the partial lag was used in this analysis. Although not reported, correlations were calculated using both quarterly and yearly means to verify that choosing the temporal extent of the means did not affect the direction and significance of the correlation. Hydrological variables were also correlated with the most abundant species and higher taxa groups found in the Lavaca-Colorado Estuary. All correlations were calculated using SAS software (SAS Institute 2009).
RESULTS
Physical conditions
Estuary-wide, temperature showed a strong seasonal signal that neither increased nor decreased over the study period (r = 0.09, p ≤ 0.15; Fig. 2A ). Monthly mean temperatures ranged from 8.7°C to 31.2°C, and overall mean temperatures were similar among all macrofaunal sampling stations (Table 1) .
Dissolved oxygen concentrations showed a declining trend estuary-wide over the study period (r = -0.12, p ≤ 0.06; Fig. 2B ). Dissolved oxygen also had a strong seasonal oscillation with minima in summer and maxima in winter. This trend was opposite to the seasonal temperature trend. Monthly mean dissolved oxygen concentrations ranged from 4.5 mg l -1 to 12.5 mg l -1 , and overall mean dissolved oxygen concentrations were higher at Lavaca Bay Stns A and B than at Matagorda Bay Stns C and D (Table 1) .
Estuary-wide, mean salinity significantly declined during the study period (r = -0.25, p ≤ 0.0001; Fig. 2C ). Monthly mean salinities were highly variable, ranging from 2.1 to 34.2, and increased spatially from Lavaca Bay Stns A and B to Matagorda Bay Stns C and D (Table 1) . (Fig. 3A) . ONI values fluctuated from positive to negative during the study period with 2 to 4 year periodicity (Fig. 3B) . NOAA classifies El Niño and La Niña events as periods with 5 consecutive mo with ONI values above or below the threshold of ± 0.5°C respectively (see NCAR). According to this classification, there were 6 El Niño events in the study period (1991-92, 1994-95, 1997-98, 2002-03, 2004-05 and 2006-07) , of which, the first and third were the strongest. The first half of the study period contained 2 whole El Niño events and the start of a third, while the second half of the study period contained 3 whole El Niño events and the end of a fourth. River discharge was significantly positively correlated with the ONI (r = 0.41, p < 0.0001) and negatively correlated with the NPI (r = -0.24, p ≤ 0.0002). River discharge was negatively correlated with salinity (r = -0.50, p < 0.0001) and temperature (r = -0.18, p ≤ 0.007) and positively correlated with dissolved oxygen (r = 0.21, p ≤ 0.0007). The ONI was also negatively correlated with salinity (r = -0.48, p < 0.0001). The NPI was positively correlated with salinity (r = 0.15, p ≤ 0.02) and temperature (r = 0.74, p < 0.0001) but negatively correlated with dissolved oxygen (r = -0.67, p < 0.0001). The smoothed NAO was positively correlated with dissolved oxygen (r = 0.25, p ≤ 0.0001) and negatively correlated with temperature (r = -0.17, p ≤ 0.008).
Similarities between benthic communities
Benthic macrofaunal communities from Stns A to D were generally distinct along the spatio-salinity gradient of the study area. This was illustrated in the MDS analysis by a general salinity gradation from low (5) to salinity (35) moving from right to left across the MDS plot (Fig. 4) . Overall, the communities clustered into 2 significantly different larger groups representing freshwater-dominated Lavaca Bay (right) and marine-dominated Matagorda Bay (left) with at least 30% similarity among stations in each group. The BIO-ENV procedure identified salinity as the single hydrological variable that represents the sites in a manner consistent with the macrobenthic patterns (ρ w = 0.30), the best out of any single or combination of hydrological variables measured (salinity, temperature, pH and dissolved oxygen). Further multivariate analysis using 2nd-stage MDS ; results not shown here) showed that temporal variability of station communities was similar within bays but very different between bays. Because of the similarity between benthic communities within each bay, the remainder of our analyses focused on the longterm trends and response of benthic macrofauna at the bay (rather than individual station) level.
Long-term patterns of benthic macrofauna
A total of 236 macrobenthic species were recorded in the Lavaca-Colorado Estuary from 1988 to 2008 (Table 2 ). The macrofaunal assemblage was dominated by polychaetes, with Mediomastus ambiseta being the most abundant species that represented 42% of all individuals. The 15 most abundant organisms comprised 6 polychaetes, 4 molluscs, 2 crustaceans, and 1 echinoderm. Oligochaetes and Nemerteans were also included in the 15 most abundant organisms although these 2 groups were not identified to more specific taxa groupings. These 15 organisms accounted for more than 82% of the individuals observed.
There were significant declines in benthic macrofaunal abundance, biomass and N1 diversity in Lavaca Bay and Matagorda Bay over the 20 yr study period (Fig. 5) . Abundance, biomass, and N1 diversity were generally higher in Matagorda Bay than Lavaca Bay (Table 1 ). At the higher taxonomic level, polychaete, crustacean and mollusc abundance significantly declined in Lavaca Bay, and polychaete, mollusc, nemertean and ophiuroid abundance significantly declined in Matagorda Bay (Fig. 6, Table 3 ). Polychaete worms were numerically the most dominant group, constituting 83% of all organisms collected in Lavaca Bay and 68% of all organisms collected in Matagorda Bay. Of the most abundant orders, sedentary and errant polychaetes and veneroid bivalves declined significantly in both bays through time (Table 3 ). The most abundant species, Mediomastus ambiseta, declined significantly in both bays. Other dominant species with significant declines in abundance in Lavaca Bay were the bivalve Mulinia lateralis and the polychaete Streblospio benedicti. Polychaetes Polydora caulleryi and Minuspio cirrifera, bivalves Corbula contracta and Lepton sp. and the ophiuroid Amphiodia atra sp. all decreased in abundance over time in Matagorda Bay. Other species in both bays also had significant changes in abundance relative to time or hydrological variables; however, only the responses of the 10 most abundant species are discussed. 
Relationships between benthic macrofauna and environmental variables
Estuary-wide, salinity was significantly positively correlated with total biomass, abundance and N1 diversity (Figs. 7A,D,G) . The ONI was negatively correlated with macrofaunal abundance (r = -0.29, p ≤ 0.01) but not correlated with biomass or N1 diversity. The smoothed NAO was positively correlated with abundance (r = 0.25, p ≤ 0.03) and biomass (r = 0.25, p ≤ 0.03). The NPI was not correlated with any macrofaunal descriptor. At the higher taxonomic level, polychaete, crustacean, mollusc, nemertean, ophiuroid, hemichordate and sipunculid abundance increased with increasing salinity, and chironomid larvae abundance decreased with increasing salinity (Table 4) . Of the most abundant orders, sedentary polychaetes, errant polychaetes and tanaid crustaceans were positively correlated with salinity. Of the most abundant species, the polychaetes Mediomastus ambiseta and Corbula contracta, the tanaid Apseudes sp. A, and the ophiuroid Amphiodia atra all increased in abundance with increasing salinity.
Overall N1 diversity estuary-wide significantly declined with temperature (Fig. 7H) . There was no significant correlation between temperature and estuary-wide abundance and biomass (Fig. 7B,E ). At the higher taxa level, abundances were not significantly correlated with temperature (Table 4) . Of the most abundant orders, veneroid bivalves declined in abundance with increases in temperature. Of the most abundant species, the polychaete Mediomastus ambiseta declined in abundance with increasing temperature.
Estuary-wide, there was no significant correlation between dissolved oxygen and overall abundance, biomass and N1 diversity (Fig. 7C,F,I ). There were no significant correlations with dissolved oxygen at the higher taxa, order or species levels.
DISCUSSION
The existing suite of comprehensive atmospheric circulation models have painted an indeterminate picture of future climate change with some models predicting more frequent ENSO periods and others predicting less (Cane 2005 , Meehl et al. 2006 . Greater consensus has been reached on the significance of increasing climate variability (Katz & Brown 1992 , Trenberth & Hoar 1997 , Hulme et al. 1999 , Timmermann et al. 1999 , Meehl et al. 2000 . At the same time, human population growth is increasing the demand for and stress on coastal and marine resources. Regardless of average climate trends in the future, human infrastructure will likely interact with more extreme events and this will decrease stability in coastal ecosystems. Over the past several decades the number of El Niño events has increased, which has been linked to decadal changes in climate throughout the Pacific Basin (Trenberth & Hoar 1996) . In the LavacaColorado Estuary, mean salinity significantly declined during the 20 yr study period. Observed changes in salinity were related to river discharge and the ONI because there were 2 El Niño events from 1988 to 1996 and 4 El Niño events from 1997 to 2008 (Fig. 3) . Thus, the first half of the study period was drier than the second half. Similar relationships between ONI and decreasing salinity have been reported for Atlantic coast estuaries (Allen et al. 2008 ). Benthic macrofaunal abundance was significantly correlated with salinity and the ONI, indicating that global climate variability and the resulting effects on local salinity patterns are important factors shaping benthic macrofaunal communities.
The NAO was weakly correlated with macrofaunal abundance and biomass, although it was not significantly correlated with salinity or discharge. The positive correlation between the NAO and dissolved oxygen and negative correlation between NAO and temperature indicates that although salinity and freshwater inflow are the primary drivers of macrofauna community change, temperature and dissolved oxygen concentration, as regulated by climatic processes, also play a role in structuring macrofaunal communities. The NAO has been related to changes in temperature and/or dissolved oxygen, ultimately resulting in changes of various marine and freshwater communities including phytoplankton communities and the benthos in North America, Europe and in between (Hagberg & Tunberg 2000 , Straile & Adrian 2000 , Edwards et al. 2002 , Drinkwater et al. 2003 Climatic variability is an important factor controlling benthic variability, primarily due to bottom-up control of the population through influences on primary production (Tunberg & Nelson 1998) . The strong link between climate variables and benthic invertebrate species is also related to their salinity tolerance (Kotta et al. 2009 ). Although estuarine organisms are generally euryhaline, most are only found within a portion of their salinity range (Little  2000) . Thus, salinity gradients play a major role in determining the abundance and distribution of estuarine organisms. The bivalve Corbula contracta and the tanaid Aspeudes sp. were only observed at the most marine-influenced Stn D in Matagorda Bay, consistent with their characterization as mid to highsalinity tolerant species (Parker 1959 , Maurer et al. 1974 , Daley 2002 ; see also National Benthic Inventory, Taxa search: www.nbi.noaa.gov/). Chironomid larvae, belonging to a freshwater/oligohaline taxonomic group, were present at very low densities only in Lavaca Bay and are generally observed during flood periods (Ritter et al. 2005) . All 3 species were correlated with salinity, thus future changes in salinity gradients can be expected to alter their distribution and abundance.
Although no other influencing factors were directly analyzed in this study, the strong connection between global climate signals, precipitation, and local salinity patterns provides the most plausible mechanistic connection between climatic variation and the changing character of benthic macrofaunal communities in the estuary. In general, the marineinfluenced stations had higher values of benthic macrofaunal abundance, biomass, and diversity. Similarly, Drake et al. (2002) reported that estuarine nekton and macroinvertebrate species richness, abundance, and biomass were all positively correlated with salinity. Bioenergetic modeling of the Lavaca-Colorado Estuary has demonstrated that changes in salinity are related to changes in func- tional ecology, with increases in salinity (and concordant decreases in nutrient concentrations) translated into increased biomass of deposit feeders and decreased biomass of suspension feeders (Kim & Montagna 2009 ). Because benthic macrofauna provide a necessary food source for many aquatic and terrestrial species, fluctuations in their abundance can influence recruitment patterns in coastal fishes and avian migratory behavior (Schneider & Harrington 1981 , Hines et al. 1997 , Tunberg & Nelson 1998 . Warmer temperatures driven by future increases in greenhouse gas levels may increase global precipitation intensity through increased evaporation, resulting in a more dynamic hydrologic cycle (Emanuel 2005 , Wentz et al. 2007 . If the frequency of strong El Niño/La Niña periods increases, the frequency and severity of floods and droughts may also increase (Timmermann et al. 1999 ). An in creasingly unstable climate will challenge the resistance and resilience of ecosystems and may lead to potentially serious effects. Floods can be classified as disturbance events in estuaries because rapid changes in salinity can affect benthic communities Santos & Simon 1980 , Rakocinski et al. 2000 , Palmer et al. 2002 , Ritter et al. 2005 . Polydora caulleryi, a dominant polychaete species in Mata gorda Bay, is also an indicator of later successional stages post-disturbance (Palmer et al. 2002) . The overall dominance of M. ambiseta, an equilibrium species, at all stations in both bays implies that the system is generally stable or returns to stability relatively quickly post-disturbance. Similarly, in the St. Lucia Estuary in southern Africa, a core group of macrobenthic taxa persists during prolonged hypersalinity, serving to maintain ecosystem function under high levels of environmental variability (MacKay et al. 2010) . Although these benthic communities have proven resilient to past disturbances, future degradation of these habitats due to coastal and water resource development may increase their vulnerability to climate variability and disturbance events.
There was no significant linear trend in temperature during the 20 yr study period. Significant longterm increases in winter water temperatures have been reported for East Coast USA estuaries (Nixon et al. 2004 , Allen et al. 2008 ) but were not observed for the Lavaca-Colorado Estuary. The overall average rate of increase in water temperature from 1976 to 2007 along the entire Texas coast has been 0.0428°C yr -1 , which translates into an increase of 1°C in 23 yr (Montagna et al. 2011) . The coast-wide rate of water temperature increase is similar to a coast-wide rate of increase in air temperature since 1980 (NielsenGammon 2011). The lack of a significant trend in temperature during this study period is likely due to Table 4 . Spearman partial correlations of salinity and temperature (Temp.) with major taxa and numerically dominant orders and species listed in order of decreasing abundance in the Lavaca-Colorado Estuary. There were no significant correlations with dissolved oxygen. Abbreviations as in Table 2 the 4 El Niño events from 1997 to 2008 and winter temperatures in Texas estuaries that have been generally mild since 1993, which has affected overwintering of fish populations (Tolan & Fisher 2009 ). The negative relationships between individual taxa and temperature observed in the current study may be due to seasonality. Shallow-water macrobenthic communities often show seasonal patterns of abundance, recruitment, and mortality with higher benthic abundance during the cooler months when nektonic and epibenthic predators are less abundant (Boesch et al. 1976 , Whaley & Minello 2002 , Beseres & Feller 2007 . Although no long-term increases in temperature were observed over the 20 yr study period, global mean temperatures are expected to rise over the next century (Watson et al. 1996) , and temperatures have risen in Texas estuaries in general (Montagna et al. 2011) . Future warming may lead to more frequent El Niño periods (Timmermann et al. 1999) , thus temperature may play a larger role (than currently) in shaping estuarine benthic abundance and community structure (Hiscock et al. 2004 ).
Understanding the relationship between estuarine condition and estuarine resources is critical for addressing water management questions, particularly in light of increasing climate variability. While drivers other than physical hydrological factors can obviously also affect macrofauna communities, the strong links between macrofauna community characteristics, salinity, and climate variability indicate that benthic macrofaunal dynamics in the Lavaca Colorado Estuary are noticeably affected by climatic conditions. Future shifts in climatic conditions may have strong impacts on species diversity, abundance, community structure and distribution. In the future, for a given amount of precipitation, water demand and evaporation in Texas will increase and water supply will decrease (Nielsen-Gammon 2011). The resulting increased demands and stresses on aquatic systems will likely have significant effects on benthic macrofaunal populations and the associated trophic linkages.
By conducting in situ monitoring and research, scientists can better determine the ecological and socioeconomic impacts of climate variability. This includes predicting changes in macrofaunal communities and resulting impacts on nutrient cycling and secondary production of higher trophic levels if inflow volumes are changed. Information on the mechanisms by which natural and anthropogenic disturbances affect estuarine species can help managers plan and adapt water resource management strategies to ensure long-term maintenance of estuarine resources. 
